A wideband 360° analog phase shifter design by Cheung, SW et al.
Title A wideband 360° analog phase shifter design
Author(s) Xiao, MX; Cheung, SW; Yuk, TI
Citation
The 22nd IEEE Canadian Conference on Electrical and Computer
Engineering (CCECE 2009), St. John's, NL., 3-6 May 2009. In
Proceedings of the 22nd CCECE, 2009, p. 524-527
Issued Date 2009
URL http://hdl.handle.net/10722/126102
Rights Creative Commons: Attribution 3.0 Hong Kong License
  
A WIDEBAND 360° ANALOG PHASE SHIFTER DESIGN  
M. X. Xiao, S. W. Cheung and T. I. Yuk 
The Department of Electrical and Electronic Engineering 
The University of Hong Kong, Hong Kong 
ABSTRACT 
This paper proposes a reflection-type wideband 360 ° 
analogue phase shifter. The phase shifter employs a branch-
line coupler circuit to achieve a wideband operation and a 
varactor-diode circuit to achieve a wide phase-shift range. 
Analytical formulas are derived to optimize the parameters in 
the coupler circuit for wideband operation and reduced 
attenuation ripple, and in the varactor circuit to minimize the 
frequency dependency of the output phase. Simulation results 
using the Advanced Design Systems (ADS 2005A) show that 
the design has a wide bandwidth, wide phase shift range, and 
low attenuation ripple, and is highly linear across the 
operation bandwidth. 
Index Terms  —  Branch-line coupler, Wideband phase 
shifter,  Reflection type, Varactors 
I.INTRODUCTION  
Analogue phase shifters are widely used in 
communication systems, radar systems and microwave 
automatic control systems. Very often, simplicity is a major 
requirement in these applications. Phase shifters can be 
made by loaded transmission line techniques which require 
many diodes and several wavelengths of transmission lines 
to achieve a 360° phase shifting [1]. Reflection-type phase 
shifters can however be made smaller but close to the ideal 
performance by connecting varactor diodes at the ports of a 
coupler or circulator [1]. In the design of a reflection-type 
phase shifter, the following requirements should be 
considered: 1) the phase-shifting range, 2) the attenuation 
ripple, 3) the wide-bandwidth requirement, and 4) the 
linearity of phase shifting versus the controlled voltage [1-2]. 
Several methods have been designed to satisfy these 
requirements [1, 3]; however, none of them can achieve all 
four requirements in a single circuit. In [2], a varactor diode 
with series inductance was used to obtain a phase-shifting 
range of less than 180 degree, so a multi-stage phase shifter 
was needed to produce a 360° phase shift. The authors in 
[3] described a 360°-phase shifter only at a given centre 
frequency. A wideband-phase shifter was studied in [4]. It 
however only provided a phase-shifting range of less than 
180°. 
In this paper, we propose a new design for a wideband 
analogue phase shifter which can provide a phase-shifting 
range of 360° . It is a reflection-type phase shifter, 
consisting of a 3-dB hybrid coupler and a varactor-diode 
circuit to achieve a wideband operation as well as a wide 
phase-shifting range. The characteristics of the phase shifter 
is determined and so optimized by adjusting the widths and 
lengths of the transmission lines on the substrate. In the 
following sections, we first describe the wideband 3-dB 
coupler design in section II.  The analytical formulas for 
using varactors to achieve a 360° phase shift in the phase 
shifter are derived in section III. The performances of the 
phase shifter using the computer aided tool ADS 2005A are 
presented in section IV. Conclusions are given in section V.  
II. THE WIDEBAND COUPLER DESIGN 
In the reflection-type phase shifter, a 3-dB coupler is 
usually used to split the input signal into two signals which 
are combined to produce the output signal. Figure 1 (a) 
shows a conventional 3-dB hybrid coupler, also called the 
branch-line coupler, which is a four-port device. The input 
signal in port #1 is equally divided into two signals in ports 
#2 and #3, with a 90° phase difference. This structure can 
easily be implemented by using micro-strips, but it suffers 
from the drawback of being narrow-band. Methods have 
been studied to modify the conventional coupler structure to 
become a wide-band coupler [5-7], e.g., adding open stubs 
at the symmetry-planes of the coupler, splitting a low-
impedance line into two paralleled high-impedance lines, 
and connecting an open stub at the branching junctions [5]. 
Although these methods can avoid low-impedance lines, 
they result in reduction of the coupler bandwidth [5].  
 
Figure 1 (a) Convention Coupler.              (b) Wideband Coupler. 
Putting a matched network, i.e., a series transmission line 
and a parallel open stub, in the junction of the coupler can 
improve the bandwidth of a branch-line coupler [5-6]. A 
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wideband coupler using this method is shown in Fig. 1(b) 
where a wideband matching network (L1 and L2) is placed 
between input port #1 and the branch junction. From the 
transmission line theory, the electrical parameters of a 
transmission line are determined by its width and length for 
a given substrate board. The performance of the wideband 
coupler in Fig. 1(b) is therefore determined and so can be 
optimized by varying the widths and lengths of stubs L1, L2, 
L3 and L4. 
In [5-6], the authors presented some complex analyses to 
determine the parameters of these lines. Our approach here 
is to minimize an error function in the operating frequency 
band, hence to increase the operating bandwidth. 
An ideal 3-dB hybrid coupler has its S-parameters S21 and 
S31 equal in amplitude and phase difference of 90 degree. 
With these criterions, we can define an error function for the 
coupler as: 
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( )SA f  and 31 ( )SA f  are the amplitudes of S21 and 
S31 respectively, 21 ( )SP f  and 31 ( )SP f  are the phases of S21 
and S31 respectively, lowerf  is the lowest operating 
frequency, and upperf  is the highest operating frequency. For 
an ideal 3-dB hybrid coupler, the error function F in (1) 
should be zero, i.e., F  = 0. 
It is difficult to have an analytical solution for (1), thus we 
propose to use numerical evaluation. Here we denote if  as 
a frequency in the range from lowerf  to upperf  and modify the 
error function to:  
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which can be evaluated numerically. The width and length 
of the lines leading to the minimum of the error function 'F  
can then be obtained. 
III.THE WIDEBAND PHASE SHIFTER DESIGN  
The layout of our proposed phase shifter is shown in Fig. 
2. It consists of a wideband coupler and a reflection function 
unit. The input signal in port #1 is equally divided by the 
coupler into two signals which are directed to two balanced 
branches, #2 and #3, with 90° phase difference. By 
terminating the balanced branches #2 and #3 each with two 
identical varactor diodes, the signals are reflected with the 
same phase [8]. The reflected signals from the balanced 
branches #2 and #3 are recombined in phase in the coupler 
to produce the output signal from port #4. While in the input 
port #1, the reflected signals are 180° out of phase and so 
cancelled off with each other [8]. When the reverse-bias 
voltage applied to the varactor diodes changes, their 
capacitances and so their impedances change. This in turn 
changes the amplitude and phase shift of the reflected 
signals. In our study, we attempt to design a phase shifter 
with 360° shifting range and the operation bandwidth of 
600MHz at the center frequency of 6.6GHz.  
 
Figure 2 Layout of proposed phase shifter. 
Studies have shown that connecting two series-tuned 
varactor diodes in parallel can achieve a larger phase-
shifting range and smaller attenuation ripple than those 
using a single varactor diode [1, 3, 9]. The author in [3] 
presented a circuit using a series resonance of a diode with 
inductive effect at lower bias and another series resonance 
of a diode with inductive effect at higher bias. The two 
resonant units ( dX  and sX ) are connected together via a 
quarter-wave transformer as shown in Fig. 3(a). This phase-
shifter has a 360° phase shift, but the phase shift varies 
with frequency [3]. In our design, we propose to use a series 
transmission line at each of the resonant units as shown in 
Fig. 3(b) to minimize the frequency dependency of the 
phase shifter.  
 
Figure 3     (a) Phase shifter using / 4λ  transmission line. (b) 
Wideband phase shifter. 
From the transmission line theory, the impedances of the 
two branches in Fig. 3(b) can be obtained as: 
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where 
1t
Z  and 
2t
Z  are the characteristic impedances of the 
series transmission lines, 1θ  and 2θ  are their electrical 
lengths, 
1d
X  and 
2d
X  are the impedances of the varactor 
diodes, and
1S
X  and 
2s
X  are the impedances of the shorted-
stubs. 
The input impedance to the coupler is: 
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The reflection coefficient is: 
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where 0Z  is the characteristic impedance of the input and 
output arms of the coupler. So, 
12 tan ( )Xπ
−
−Φ = −                                           (7) 
From (7), it can be seen that, for 360° phase shifting, the 
variable X needs to be varied from negative infinity to 
positive infinity. This could be approximately implemented 
by tuning one series transmission line to resonant at the 
minimum reverse bias and the other series transmission line 
to resonant at the maximum reverse bias.  
To minimize the dependence of the phase shift on 
frequency, we consider 
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If the value of (8) is zero within the operating frequency 
band, the phase shifting will be independent of frequency. 
We therefore define an phase deivation function as: 
             
2
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where if  is a frequency in the operating frequency band. 
The design process is thus to search for the transmission 
lines’ characteristic impedances 
1t
Z  and 
2t
Z  and line lengths 
1θ  and 2θ that give a minimum value of F in (10). 
IV.RESULTS OF CIRCUIT PERFORMANCES 
4.1 Performance of the wideband coupler  
The computer aided design tool, ADS 2005A, has been 
used to minimize the error function in (2), i.e. maximize the 
coupler bandwidth. In the optimizing process, the initial line 
characteristic impedances of L1 and L2 were both set to 
50 Ω , and their lengths were set to / 2λ  at the center 
frequency. The lengths / 2λ  were selected to make the 
matching network L1 and L2 wideband [7]. The 
characteristic impedances of L3 and L4 were set to 35.4 Ω  
and 50 Ω  respectively, same as those used in the 
conventional coupler, and the electric lengths were both set 
to / 4λ  at the centre frequency. In practice, the range of the 
characteristic impedance of these lines is limited by the 
usable impedance for the substrates in the frequency band, 
which is a function of the substrate thickness.  
Figure 4 shows the performance of the wideband coupler 
by optimizing the widths and lengths of the transmission 
lines (L1, L2, L3 and L4) using ADS 2005A. Although the 
phase shifter is designed to operate at 6.3GHz-6.9GHz, we 
can see that the coupler can achieve a much wider 
bandwidth. Within the frequency band of 5.6GHz-7.6GHz, 
the wideband coupler has less than 0.3 dB unbalance of S21 
and S31, while the phase difference of the two ports #2 and 
#3 are within 89.20 and 90.50.  For a conventional coupler 
operating at the same bandwidth, Fig. 5 shows that there is a 
more than 4dB unbalance of S21 and S31 and that the phase 
difference ranges from 760 to 90°. 
 
Figure 4 Performance of wideband coupler.  (a) Amplitudes of 
coupling coefficients S21 and S31 . (b) Phase difference between 
port #2 and port #3 
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Figure 5   Performance of convention coupler. (a) Amplitudes of 
coupling coefficients S21 and S31.  (b) Phase difference between 
port #2 and port #3. 
4.2 Performance of the Phase shifter 
 
Figure 6 (a) Phase shifting at different frequencies. (b) Insertion 
loss of the phase shifter. 
Figure 6 shows the simulation results using ADS2005A 
for the phase shifting and insertion loss of the proposed 
phase shifter at different frequencies. It can be seen that 
when the reverse biased voltage of the varactor doides 
varies from 0 to 20V, the phase shift changes from 0° to 
360°. The phase errors between the edge frequencies of 6.3 
GHz and 6.9 GHz and the centre frequency of 6.6 GHz are 
within 8° . The ripples of the insertion loss across the 
frequency band are less than 2dB. The results in [3] also 
could achieve a 360° phase shift and 1.4dB insertion loss 
ripple, it was only for the frequency of 10GHz. However, 
our proposed design has a wide bandwidth performance. 
V. CONCLUSIONS 
A wideband 360° phase shifter has been proposed. The 
phase shifter consists of a wide-band coupler circuit and a 
varactor diodes circuit. The bandwidth and phase shifting 
range are determined by the widths and lengths of the 
transmission lines of the circuits. The formulas for 
optimizing the performance, in terms of maximizing the 
bandwidth and minimizing the ripple across frequency band, 
have been derived and studied. Simulation results have 
shown that the proposed phase-shifter can achieve a phase 
shift range of 360°  from 6.3GHz to 6.9GHz with an 
insertion loss of less than 2dB. At the band edges of 6.3GHz 
and 6.9GHz, the phase derivations are less than 8°.  
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